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ABSTRACT 

Strip-line  cells  using  Pb  strips  1cm  wide  with  H2SO4  elec¬ 
trolyte  have  been  constructed  with  lengths  of  10cm,  25cm,  and 

100cm  with  several  electrode  spacing  to  test  the  predictions  of 
the  theoretical  models  under  real  cell  conditions.  The  impedance 
of  these  cells  has  been  measured  over  a  wide  frequency  range  (0.1 
107  Hz).  New  experimental  techniques  had  to  be  developed  for 
this  task,  including  the  use  of  a  new  potentiostat  ( BC  2000) 
which  has  a  full  current  slew  rate  of  4A//us.  Since  the  usual 
current  measuring  resistors  are  too  inductive  for  use  at  these 
extreme  frequencies,  currents  were  measured  with  a  high  speed 
current  probe  (which  has  a  bandwidth  of  50  MHz).  The  results  show 
clearly  the  effects  of  the  inductance  of  the  cell.  These  effects 
are  clearly  visible  at  frequencies  as  low  as  10^  Hz.  The  results 
suggest  that  the  use  of  large  battery  systems  in  the  short  time 
domain  will  be  seriously  limited  by  these  effects. 
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INTRODUCTION 


Only  a  relatively  small  amount  of  work  has  been  published 
on  the  transient  response  of  high  power  battery  systems  in  the 
short  time  domain  (0.1  fjs -10ms  )  *  *  ^  ®  .  Most  laboratory  studies 
deal  with  scaled  down  versions  of  large  cells  that  are  in  prac¬ 
tice  usually  employed  to  provide  standby  power  for  applications 
in  which  continuous  operation  is  required,  rather  than  for  pulse 
generation.  Most  recently  we  have  reported  calculations  of  the 
impedance  of  individual  cells  over  a  wide  range  of  frequencies 
( 10^-10® )using  a  modified  semi-infinite  strip-line  model.  The 
variables  considered  included  the  electrolyte  and  electrode 
conductivities,  the  electrolyte  dielectric  constant,  the  double 
layer  capacitance,  and  the  distributed  inductance  and  capacitance 
resulting  from  the  cell  geometry.  Calculation  showed  that  the 
effect  of  various  physical  and  geometric  factors  are  significant 
at  short  discharge  times,  which  can  severely  limit  performance 
under  these  conditions^. 

In  this  work  the  measurements  of  the  effects  of  physical 
geometry  on  the  high  frequency  behavior  of  large  power  sources 
such  as  batteries  have  been  performed  at  frequencies  0.1  to  lO^Hz 
using  Pb-acid  strip-line  cells  up  t^  '->ne  meter  long.  Pronounced 
effects  have  been  found  for  such  cel  which  cause  the  effects 
of  cell  inductance  to  extend  down  to  10^  Hz  region.  These  effects 
can  severely  limit  the  performance  of  high  power  batteries  in  the 
short  time  domain. 
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EXPERIMENTAL 


Cell 

A  glass  tube  5cm  in  diameter  sealed  at  the  bottom  was  used 
as  a  cell  which  housed  lead  strip  electrodes  0.5  mm  thick,  10mm 
wide  and  10,  25  or  100  cm  long,  mounted  in  Teflon  holders  with 
RTV  silicone  rubber  (Fig.  1).  Before  mounting,  the  lead  strips 
were  polished  in  a  mixture  of  glacial  acetic  acid  and  10% 
H2O2(30%).  These  electrodes  served  as  two  separate  working  elec¬ 
trodes,  with  an  auxiliary  electrode  external  to  the  Teflon  mount¬ 
ed  working  electrodes  and  a  common  reference  electrode  (SCE), 
( Fig .  1 ) . 

The  electrolyte  was  15%  H2SO4  prepared  from  Fisher  reagent 
grade  acid  and  ultra  pure  water.  The  measurements  were  done  with 
three  different  separations,  i.e.  electrolyte  thicknesses,  viz., 
2,  4  and  8  mm.  All  potentials  are  given  with  respect  to  S.C.E. 

Electronic  ci rcuitry 

The  electronic  circuitry  consisted  of  one  BC-1200  potentio- 
stat  and  one  BC-2000  potentiostat  of  a  new  design.  The  latter  has 
a  maximum  output  current  of  +2A  with  a  full  current  slew  time 
better  than  0.1  yus  even  with  very  low  impedance  loads.  Measure¬ 
ments  were  made  with  a  Solartron  1255  under  control  of  an  IBM 
CS-9000  computer.  Particular  care  was  paid  to  the  analysis  and 
elimination  of  configurational  artifacts  and  electronic  errors. 

Two  configurations  were  used  for  the  measurements.  The  first 
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(Fig.  2)  used  two  potentiostats  and  a  four  electrode  cell.  The 
two  working  electrodes  (Wl  and  W2 )  were  controlled  against  a 
common  reference  electrode  (RE),  with  an  auxiliary  electrode  (CE) 
external  to  the  stripline  cell.  Balanced  AC  drive  signals  of 
opposite  polarity  were  mixed  with  a  common  DC  signal  applied  to 
both  electrodes.  In  this  way  the  cell  was  run  such  that  both 
electrodes  were  at  the  same  DC  potential,  but  with  applied  AC 
signals  of  opposite  polarity.  The  DC  value  could  be  varied  over 
the  entire  Pb/Pb02  range.  The  resulting  impedance  of  the  cell  was 
thus  that  of  two  identical  electrodes  in  series,  without  this 
arrangement,  the  potential  of  one  of  the  electrodes  would  be 
undefined.  However,  at  the  high  frequency  end  of  the  range  (>10^) 
problems  associated  with  current  distribution  between  two  working 
electrodes  and  the  external  auxiliary  electrode  made  the  measure¬ 
ments  difficult  to  interpret.  (In  a  large  cell,  the  working 
electrode  is  not  an  equipotential  surface.)  It  was  established 
that  the  PbC>2  electrode  had  a  sufficiently  low  electrochemical 
impedance  to  permit  it  to  be  used  as  a  "non-polarizeable"  counter 
electrode  for  a  two  electrode  cell. 

In  the  second  configuration  (Fig.  3),  one  electrode  (W2  of 
Fig.  1)  was  repeatedly  cycled  against  the  counter  electrode  to 
form  a  thick  layer  of  Pb02 •  This  served  as  a  combined  reference 
and  counter  electrode.  The  working  electrode  was  charged  potenti- 
ostatically  against  electrode  AE  to  the  Pb02  potential.  A  single 
potentiostat  then  controlled  the  potential  of  WE  at  the  desired 
level,  starting  at  the  most  positive  value.  Measurements  of  the 
cell  over  the  whole  potential  range  could  then  be  made  after 
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partial  reduction  of  the  "working"  electrode,  since  the  only 
reaction  at  the  Pb02  electrode  was  O2  production.  At  each  stage, 
the  potential  of  both  electrodes  was  checked  with  a  separate  SCE 
reference  electrode.  It  was  essential  to  operate  the  potentiostat 
in  the  four  terminal  mode  with  separate  voltage  sensing  (as  close 
to  the  physical  end  of  the  electrode  as  possible)  and  current 
carrying  leads  to  each  electrode  to  eliminate  the  effects  of  lead 
resistance  and  inductance.  Since  the  usual  current  measuring 
resistors  are  too  inductive  for  use  at  these  extreme  frequencies, 
currents  were  measured  with  a  Tektronix  P6042  high  speed  current 
probe  (which  has  a  bandwidth  of  50  MHz).  In  order  to  reduce 
distortion  of  the  highest  frequency  measurements  by  the  inherent 
phase  shifts  in  the  amplifiers  of  the  BC-2000,  voltage  measure¬ 
ments  were  made  using  the  balanced  inputs  of  the  1255  directly. 
During  measurements,  the  auxiliary  electrode  AE  was  disconnected. 
The  physical  placement  of  AE  was  sufficiently  far  from  the  work¬ 
ing  cell  that  perturbations  of  the  AC  current  flow  were  negligi¬ 
ble.  The  DC  potential  of  both  electrodes  was  monitored  periodi¬ 
cally  against  the  reference  and  the  potential  of  CE  adjusted  if 
needed  by  charging  against  AE . 

RESULTS  AND  DISCUSSIONS 

The  potential  dependence  of  impedance 

Fig.  4  shows  voltammetry  curves  of  the  lead  electrode  in  15% 
H2SO4  solution.  At  negative  potentials  in  the  cathodic  going 
sweep  the  reduction  of  PbS04  takes  place  followed  by  the  begin¬ 
ning  of  hydrogen  evolution  at  even  more  negative  potentials.  In 
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the  anodic  going  sweep,  a  large  peak  for  the  formation  of  PbS04 
is  seen.  At  more  positive  potentials  the  oxidation  of  PbSO^j  into 
Pb02  is  seen.  Upon  sweep  reversal,  the  reduction  of  Pb02  takes 
place.  The  impedance  was  measured  using  configuration  1  over  the 
whole  potential  region  from  H2  evolution  to  oxide  formation  and 
back  from  oxide  formation  or  reduction  to  H2  evolution.  Configu¬ 
ration  2  only  permitted  measurement  in  the  cathodic  direction,  in 
order  to  assure  that  the  counter  electrode  stayed  at  the  same 
state . 

We  can  write  a  general  expression  for  the  impedance  in  polar 

form 

Z  =  x  +  iy  =  | Z |  eie  (1) 

or  in  terms  of  logarithms, 

log  Z  =  log  |z[  +  i6  (2) 

where  Z  =  ( x^  +  y^ )  and  8  =  tan- * ( Y/X ) ,  as  the  principal  value 
so  as  to  define  log  Z  as  a  single  valued  function. 

The  plot  of  log  |z|  and  9  vs.  log  f  is  called  a  Bode  plot  in 
which  the  impedances  of  all  ideal  components  are  represented  by 
simple  straight  lines.  The  slope  of  a  "pure"  resistor  is  zero 
(with  a  phase  angle  of  zero),  of  a  "pure"  capacitor  is  -1  (with  a 
phase  angle  of  -90°)  and  the  slope  of  an  inductance  is  +1  (with  a 
phase  angle  of  +90°). 

Figures  5-7  display  the  Bode  plots  of  the  impedance  and  the 
phase  angle  of  the  Pb/H2S04  electrode  (25  cm)  in  four  different 
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potential  regions  as  a  function  of  frequency.  These  potential 
regions  correspond  to  the  impedance  of  bare  Pb,  including  H2 
evolution  (5a);  oxidation  of  Pb  into  PbSC>4  (5b);  of  PbSC>4  layer 
(6a)  and  the  oxidation  of  PbS04  into  Pb02  (6b).  Figures  7a  and  7b 
show  the  plots  for  Pb02  and  the  reduction  of  PbC>2  into  PbSC>4 . 

A  close  inspection  of  the  curves  in  Fig.  5a  shows  that  for 
several  potentials  the  impedance  plots  have  a  slope  of  -.9  (close 
to  -1)  with  a  corresponding  phase  angle  of  80-83°  over  a  signifi¬ 
cant  portion  of  the  frequency  range.  This  is  indicative  of  the 
predominantly  capacitive  behavior*  of  the  lead  electrode  in  this 
potential  region  in  H2SO4.  The  slope  is  not  identically  -1,  since 
the  cell  is  behaving  partially  as  a  transmission  line**.  The 
curves  at  the  lowest  potentials  which  correspond  to  the  onset  of 
H2  production  (such  as  curves  1  and  2)  deviate  from  this  slope  at 
lower  frequencies  due  to  this  faradaic  reaction.  The  decrease  of 
the  phase  angle  of  curves  1  through  6  at  the  lowest  frequencies 
shows  that  this  reaction  is  occurring  at  these  potentials,  also, 
although  at  much  lower  rates,  and  would  have  been  evident  at 


*.  The  value  of  this  capacitance  measured  at  1000  Hz  is 
approximately  1670  v F,  or  67  p F/cm! .  This  value  should 
not  be  taken  too  literally,  as  the  distributed  nature  of 
the  cell  affects  it. 

**.In  complex  plane  terms,  this  would  be  called  a  "con¬ 
stant  phase  element".  This  would  however  hide  the  true 
nature  of  the  distributed  impedance. 
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frequencies  well  below  1  Hz*.  The  small  potential  dependence  of 
the  impedance  plots  in  the  frequency  range  up  to  =10^  Hz  in  curve 
3-8  is  probably  due  to  the  reduction  of  residual  patches  of  PbSO^ 
as  the  potential  is  shifted  to  more  negative  values. 

At  frequencies  higher  than  10^  Hz  the  slope  becomes  almost 
zero.  This  is  a  measure  of  the  resistive  behavior  of  the  electro¬ 
lyte  (see  below).  At  even  higher  frequencies  (10^),  the  slope 
assumes  positive  values,  as  the  system  becomes  inductive.  This  is 
a  real  physical  inductance,  caused  by  the  loop  formed  as  the 
current  travels  down  one  electrode,  through  the  solution,  and 
back  up  the  other  side.  This  inductance  is  also  a  distributed 
system,  and  the  phase  angle  is  not  +90°.  As  pointed  out  above,  in 
this  region  of  frequencies  the  current  distribution  problems 
between  the  two  electrodes  affected  these  measurements.  These 
data  clearly  show  that  the  electrode  physical  geometry  can  gener¬ 
ate  impedance  components  which  are  detrimental  to  the  performance 
of  large  batteries  at  short  times. 

Fig.  5b  shows  the  plots  of  impedance  and  phase  angle  for 
several  potentials  in  the  Pb  -->PbSC>4  reaction  range.  Curve  1 
shows  the  impedance  at  the  very  beginning  of  the  formation  proc- 


*.  An  interesting  artifact  is  observable  in  curve  1.  The 
impedance  rises  between  1  and  10  Hz.  This  would  normally 
be  interpreted  as  "inductive"  behavior,  but  the  corre¬ 
sponding  phase  angle  plot  clearly  goes  to  zero.  The  phase 
angle  is  thus  that  of  a  resistor.  However,  these  measure¬ 
ments  were  done  with  frequencies  increasing,  and  at  this 
potential,  H2  bubbles  gradually  accumulate,  partially 
blocking  the  surface,  and  increasing  the  resistance  of 
the  surface  with  time.  This  is  a  good  example  of  the 
necessity  of  the  use  of  phase  angle  measurements  when 
interpreting  impedance  data. 
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ess.  Note  that  the  slope  is  very  close  to  -0.5,  rather  than  1. 
This  value  can  be  associated  with  the  behavior  of  an  RC  transmis¬ 


sion  line.  It  can  also  be  interpreted  as  the  result  of  a  progres¬ 
sive  formation  of  a  thin  layer  down  the  gap  as  oxidation  proceeds 
slowly.  It  is  probably  not  caused  by  local  heterogeneity  of  the 
surface.  At  these  frequencies,  the  measured  capacitance  of  a 
heterogeneous  surface  should  be  the  simple  geometric  average  of 
the  local  values.  At  the  potential  of  curve  2,  the  electrode 
appears  more  uniformly  co-  ed  with  a  thin  layer  of  PbSO^j .  *  As 
oxidation  continues,  the  impedance  increases  considerably  as  more 
PbS04  is  formed  on  the  surface.  At  lower  frequencies,  for  several 
potentials,  the  slope  is  close  to  zero  because  of  the  effects  of 
the  reaction  resistance,  the  value  of  which  increases  as  the 
surface  coverage  becomes  thicker  and  more  dense.  For  the  most 
positive  potentials  in  this  plot  the  impedance  plot  again  shows  a 
slope  close  to  -1,  i.e.  the  capacitance  of  the  lead  surface  cov¬ 
ered  by  PbSO^  determines  the  behavior  .  The  impedance  of  this 
electrode  is  approximately  one  order  of  magnitude  larger  than 
that  of  Pb  electrode.  As  for  Fig.  5a,  the  phase  angle  is  in 
agreement  with  the  features  of  the  impedance  plot. 

Fig.  6a  shows  the  plots  in  the  potential  region  in  which  the 
surface  coverage  by  sulfate  is  increasing.  The  impedance  varies 
somewhat  with  applied  potential  as  the  film  thickens**.  As  in  Fig 


*.  An  artifact  similar  to  the  one  observed  for  H2  block¬ 
ing  is  observed. 

**.  The  capacitance  varies  from  a  high  of  66/t/F  (or 
2.64*/F/cmJ  for  curve  3  of  Fig.  5b  to  a  value  of  16.7/t/F 
(or  0.67*/F/cmJ  for  curve  8  of  Fig.  6a. 
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5b,  the  slope  is  close  to  -1  and  it  extends  up  to  lO^Hz. 

Fig.  6b  displays  the  plots  obtained  in  the  potential  region 
of  PbS04  — >  Pb02  reaction.  As  the  conductive  oxide  replaces  the 
non  conductive  sulfate  on  the  surface  the  impedance  decreases 
considerably,  reaching  at  the  most  positive  potentials  approxi¬ 
mately  three  orders  of  magnitude  lower  values.  At  frequencies 
>10^  Hz,  the  resistance  determines  electrode's  impedance,  as 
evidenced  by  a  slope  close  to  zero*.  Considering  the  high  conduc¬ 
tivity  of  lead  dioxide  it  appears  that  this  resistance  is  due  to 
the  electrolyte.  The  phase  angle  changes  according  to  the  changes 
of  the  impedance.  It  is  close  to  zero  in  the  frequency/potential 
region  in  which  the  resistive  impedance  dominates. 

Fig.  7a  shows  the  plots  for  the  reduction  of  lead  dioxide 
into  lead  sulfate.  An  increase  of  impedance  is  seen  which,  with  a 
shift  of  potential  in  negative  direction,  gradually  approaches 
the  values  close  to  the  ones  for  a  large  coverage  of  sulfate 
(Fig.  7b ) . 

The  effects  of  the  length  of  electrode 

The  effects  of  the  length  of  electrode  have  been  studied 


*.  The  resistance  of  the  electrolyte  varies  from  0.034 
ohms  at  100  Hz  to  0.028  ohms  at  10000  Hz,  corresponding 
to  an  average  resistiviy  of  2.12  to  1.75  ohm-cm.  Note 
that  the  effective  resistance  decreases  slightly  with 
increasing  frequency.  This  behavior  was  not  expected, 
since  the  penetration  depth  shold  decrease  with  increas¬ 
ing  frequency,  thus  raising  the  effective  electrolyte 
resistance . 


10 


with  the  electrodes  of  .1,  .25  and  lm  in  length.  Fig.  8  shows  the 
data  obtained  in  the  potential  range  for  which  the  surface  is 
covered  by  lead  sulfate.  The  same  conclusions  regarding  the  elec¬ 
trode  length  could  be  obtained  at  all  potentials  used.  Two  limit¬ 
ing  cases'  of  the  impedance  control  are  seen  in  Fig.  8.  In  the 
lower  frequency  region,  an  RC  circuit  is  an  electrical  analog  of 
the  electrode  behavior,  causing  the  slope  of  the  log  Z  vs.  log  w 
to  have  a  value  of  -1.  Depending  on  the  length  of  the  electrode, 
the  circuit  reduces  to  an  RL  network  with  the  above  slope  approx¬ 
imately  equal  to  +1.  Fig.  8  shows  that  the  frequency  at  which  the 
change  of  slope  takes  place  shifts  to  lower  values  with  increas¬ 
ing  the  length  of  the  electrode.  This  is  a  clear  indication  of 
the  limitations  of  the  applications  of  large  batteries  for  dis¬ 
charge  at  high  frequencies.  It  is  likely  that  in  the  presence  of 
faradaic  reactions,  such  as  those  that  occur  during  the  discharge 
of  battery,  this  characteristic  frequency  is  probably  lower  than 
the  values  for  PbS04  given  in  Fig.  8. 

The  effects  of  the  thi ckness  of  electrolyte 

The  separation  of  electrodes,  i.e.  the  thickness  of  the 
electrolyte  layer  in  the  strip-line  cell  is  visibly  affecting  the 
impedance  of  the  cell.  Fig.  9  displays  the  data  for  the  cell  one 
meter  long  with  the  electrolyte  layer  2,  4  and  8mm  thick.  It  is 
seen  that  the  changes  of  the  resistance  of  the  cell  are  not 
pronounced  on  the  logarithmic  scale.  The  effect  of  electrode 
separation  on  the  inductance  is  clearly  seen.  The  effects  of 
inductance  are  observed  at  lower  frequencies  with  increasing  of 
the  electrode  separation.  It  shifts  from  approximately  10^  Hz, 
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for  the  2  mm  separation,  to  approximately  10^  Hz  for  8  mm  thick 
electrolyte  layer.  This  is  to  be  expected  for  increased  separa¬ 
tion,  since  it  causes  the  inductive  loops  to  increase  too.  The 
data  corroborates  the  previous  conclusion  regarding  the  effect  of 
physical  geometry  of  the  cell,  based  on  the  data  for  various 
lengths  of  electrodes. 

IR-cor rected  impedance  plots 

In  the  second  measuring  configuration  with  one  potentiostat , 
the  new  BC2000  whose  wide  bandwidth,  coupled  with  the  use  of  the 
Solartron  1255,  permitted  measurements  from  0.1  Hz  to  up  to  107 
Hz.  To  our  knowledge  this  is  the  first  time  reliable  impedances 
have  been  measured  over  as  wide  a  frequency  range.  The  precision 
of  these  measurements  was  such  that  IR  correction  was  possible 
down  to  the  milliohm  level. 

In  these  measurements,  the  electrode  served  also  as  a  refer¬ 
ence.  Both,  working  and  counter  electrodes  were  carefully  charged 
to  eliminate  any  PbSO^  films.  The  measurements  were  done  with  10 
and  100  cm  long  cells  to  compare  the  effects  of  inductances  of 
sizable  difference  on  the  cell  impedance.  Fig. 10  shows  the  plots 
for  10  cm  long  Pb02  electrode  undergoing  a  partial  reduction  to 
PbSO,}.  The  capacitive  behavior  of  the  impedance  is  seen  up  to  10^ 
Hz  for  several  potentials.  Due  to  a  small  length  of  the  elec¬ 
trode,  the  effect  of  inductance  for  a  given  cell  is  shifted  to 
105  Hz.  As  shown  for  the  electrode  of  25  cm  in  length,  the  forma¬ 
tion  of  PbSO^  causes  an  increase  of  impedance  and  the  phase  angle 
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reflects  the  changes  in  impedance.  At  very  low  frequencies,  i.e. 
<1  Hz,  a  resistive  behavior  of  the  impedance  is  seen,  probably 
caused  by  the  reaction  resistance.  Consequently,  the  phase  angle 
assumes  the  values  close  to  zero.  Fig.  11  shows  the  plots  for 
further  reduction  of  Pb02  into  PbSO^  at  more  negative  potentials. 
Further  increase  of  the  impedance  is  seen  as  more  compact  layer 
PbSC>4  has  formed. 

Figures  12  and  13  show  the  data  for  impedance  of  lm  long 
cell.  The  manifestation  of  the  cell  inductance  occurs  at  lower 
frequencies  than  for  .lm  cell.  Curves  1)  and  2)  show  capacitive 
and  resistive  behavior  up  to  104  Hz  after  which  point  the  cell 
appears  almost  completely  inductive.  At  more  negative  potentials, 
a  partial  film  of  PbSO^  begins  to  block  the  surface.  The  stabili¬ 
ty  and  precision  of  these  measurements  was  such  that  the  series 
resistance  (of  the  electrode  and  of  the  electrolyte)  could  be 
subtracted,  leaving  the  curves  of  Fig.  13.  From  these  curves  it 
can  be  seen  that  the  effects  of  the  cell  inductance  extends  down 
to  the  100  Hz  region.  This  is  an  important  finding.  The  induct¬ 
ance  in  battery  systems  occurs  at  relatively  low  frequencies,  but 
it  is  not  seen  in  the  measurements  without  IR  correction  because 
of  the  dominating  resistive  behavior  up  to  10  -  10^  Hz. 

The  above  data  clearly  show  the  effects  of  the  cell  physical 
parameters  on  the  cell  impedance.  In  particular  important  appears 
the  evidence  for  inductive  behavior  of  the  lead-acid  cell  already 
at  relatively  small  dimension,  and  at  relatively  low  frequencies 
( 1 0 2  -  104  Hz).  It  can  be  concluded  therefore  that  the  use  of 

large  battery  systems  in  the  short  time  domain  will  be  seriously 
limited.  Besides  this,  the  paper  brings  the  most  complete  meas- 
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urements  of  the  impedance  of  a  lead  electrode  in  sulfuric  acid 
solution  in  the  whole  potential  range  from  .1  Hz  to  107  Hz. 


Acknowledgements 

Financial  support  of  the  Office  of  Naval  Research  is  fully 
acknowledged . 


REFERENCES 

(1) P.L.  Kapitza,  Proc .  Roy .  Soc .  Lond .  105a, 691,  (1924) 

(2) J.J.  Lander, E.E.  Nelson,  J.  Electrochem.  Soc.,  107, 

722  (1960) 

( 3 )  R . M .  LaFollette,  D.N.  Bennion;  171st  ECS  Meeting 

Extended  Abstracts,  87-1 ,  p40  Abs  No.  29,  Philadel¬ 
phia,  (May  1987)  and  references  therein. 

( 4 )  B . D .  Cahan,  M.L.  Daroux  and  E.B.  Yeager,  J.  Electro¬ 

chemical.  Soc.,  136,  1585,  (1989). 


14 


List  of  Figures 


Fig.  1  Schematic  drawing  of  the  strip-line  cell 

Fig.  2  Schematics  of  the  two  potentiostat  configuration  and 
a  four  electrode  cell.  Solartron  1255  not  shown. 

Fig.  3  Schematics  of  the  measuring  circuit  with  a  single 
potentiostat . 

Fig.  4  Voltammetry  curve  for  a  lead  electrode  in  15  %  H2SO4. 
Sweep  rate  :  20  mV/s . 

Fig.  5  Impedance  and  phase  angle  plots  of  an  25  cm  long  Pb 
strip-line  cell  in  15  %  H2SO4 .  Numbers  correspond  to  the  follow¬ 
ing  electrode  potentials  :  1,  1')  - . 6V  SCE?  2,  2')  -.7V;  3,  3') 

- . 8 V ;  4,  4')  - . 9V;  5,  5')  -IV;  6,  6')  -1.2V;  7,  7')  -.7V  (in 
anodic  direction);  8,  8')  -,6V  (A)  and  1,  1')  -.55V;  2,  2')  -.5V; 
3,  3'),  - . 4V;  4,  4')  -.3V;  5,  5')  -.2V;  6,  6'-.lV;  1,  7)  .OV;  8, 
8' )  .IV  (B) . 

Fig.  6  Impedance  and  phase  angle  plots  of  an  25  cm  long  Pb 
strip-line  cell  in  15  %  H2SO4 .  Numbers  correspond  to  the  follow¬ 
ing  electrode  potentials  :  1)  to  8)  . 2V  to  1.3V  (increments:  .lv 
or  . 2V )  (A)  and  1')  1.5V;  2')  1.6V;  3'  1.65V;  4')  1.7V;  5') 

1.75V;  6')  1.8V;  7')  1.9V;  8')  1.8V. 

Fig.  7  Impedance  and  phase  angle  plots  of  an  25  cm  long  Pb 
strip-line  cell  in  15  %  H2SO4.  Numbers  correspond  to  the  follow¬ 
ing  electrode  potentials  :  1,  1')  1.7V;  2,  2')  1.6V;  3,  3')  1.5V; 
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4,  4')  1.4V;  5,  5')  1.4V;  6,  6')  1.3V;  7,  7')  1.2V;  8,  8')  1 . IV 
(A).  1  to  8  and  1'  to  8')  IV  to  . 3V  ( decrements :. IV )  (B). 

Fig.  8  Impedance  plots  of  10,  25  and  100  cm  long  Pb  strip¬ 
line  cell  in  15  %  H2SO4  with  a  layer  of  PbS04  on  the  surface. 
Potential  range  from  .IV  to  1.2V. 

Fig.  9  Impedance  and  phase  angle  plots  of  an  100  cm  long  Pb 
strip-line  cell  in  15  %  H2SO4  as  a  function  of  potential.  The 
electrode  separations  :  2mm(a),  4mm(b),  and  10  mm( c ). Electrode 
potentials:  the  curves  1)  to  8)  and  1')  to  8')  1 . IV  to  1.8V. 

Fig.  10  Impedance  and  phase  angle  plots  of  an  10  cm  long  Pb 
strip-line  cell  in  15  %  H2S04.The  curves  1)  to  8)  0V  to  .7V. 

(  increment : . IV) . 

Fig.  11  Impedance  and  phase  angle  plots  of  an  10  cm  long  Pb 
strip-line  cell  in  15  %  F^SC^.The  curves  1')  to  5')  .  8V  to 
1.2V. (increment: .IV) . 

Fig.  12  Impedance  plots  of  an  100  cm  long  Pb  strip-line  cell 
in  15  %  H2SO4.  The  curves  were  measured  at:  1)  2.2  V;  2)  2.15  V; 
3)  2.1  V;  4)  2.05  V;  5)  2.0  V;  6)  1.95  V. 

Fig.  13  Impedance  plots  of  an  100  cm  long  Pb  strip-line  cell 
in  15  %  H2SO4.  The  data  from  Fig.  12  after  subtraction  of  a 
resistance  of  50  m2. 
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awing  of  the  strip-line  cell 


Fig.  2  Schematics  of  the  two  potentiostat  configuration  and 
a  four  electrode  cell.  Solartron  1255  not  shown. 


Fig.  3  Schematics  of  the  measuring  circuit  with  a  single 


potentiostat . 


Fig.  4  Voltammetry  curve  for  a  lead  electrode  in  15 
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Fig.  11  Impedance  and  phase  angle  plots  of  an  10  cm  long  Pb 
strip-line  cell  in  15  1  f^SC^.The  curves  1')  to  5')  . 8V  to 
1 . 2V. ( increment : . IV ) . 
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Fig.  12  Impedance  plots  of  an  100  cm  long  Pb  strip-line  cell 
in  15  %  H2S04.  The  curves  were  measured  at:  1)  2.2  V;  2)  2.15  V; 
3)  2.1  V;  4)  2.05  V;  5)  2.0  V;  6)  1.95  V. 
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Fig.  13  Impedance  plots  of  an  100  cm  long  Pb  strip-line  cell 
in  15  %  H2S04.  The  data  from  Fig.  12  after  subtraction  of  a 
resistance  of  50  m2. 


